The hepatotoxicity of Tripterygium wilfordii Hook. f. (TWHF) limits its clinic utilization. Qingluo Tongbi formula (QTF) was formulated based on a basic Chinese medicine theory. Previous studies have confirmed the safety and efficacy of QTF in treating rheumatoid arthritis. Therefore, we considered that TWHF could be detoxified based on its reasonable compatibility with QTF. We investigated the detoxicity mechanism of QTF in reducing the liver toxicity of TWHF.
Background
Rheumatoid arthritis (RA) is a chronic autoimmune disease that causes progressive articular destruction and associated comorbidities in the vascular, metabolic, bone, and psychological domains. RA affects approximately 1% of the population, can present at any age, and is more prevalent in women than in men [1] . At present, effective and cost-effective treatment methods are still urgently required.
Qingluo Tongbi formula (QTF) was formulated based on the basic Chinese medicine theory in which the "kidney (Shen) is in charge of producing marrow" and does so according to the principle of syndrome differentiation [2] . QTF is considered effective in treating RA [3] [4] [5] . QTF is composed of the root xylem of TWHF is a traditional Chinese herb grown in the east and south of China, Japan, and Korea. It has long been used in traditional Chinese medicine, often for RA [6] . But the hepatotoxicity of TWHF has limitations in its clinical utilization [7] . TWHF is the most important herb in QTF, however, these adverse effects have not been observed in QTF. In the past few decades, QTF has been proven to be safe and effective through clinical observations and animal experiments [3, [8] [9] [10] [11] . QTF shows considerable promise as a new traditional Chinese medicine preparation for the treatment of RA [12] [13] [14] [15] . Therefore, we considered that TWHF could be further detoxified by compatibility with QTF since they are reasonably compatibility. Our previous study showed that QTF reduced the toxicity of TWHF by inhibiting the phase II metabolizing enzymes, cytochrome P450 (CYP) 3A and CYP2C19 [16] .
Traditional Chinese medicine formulations have multi-target and multi-pathway effects. We used a systems pharmacology approach that combined the prediction of active compounds based on a range of pharmacokinetic parameters and elucidated the multiple drug targets using network analysis based on existing databases and publications. Then, we focused on the ability of QTF to reduce the hepatotoxicity of TWHF via UDP-glucuronosyltransferases (UGTs), which are the most important phase II conjugating enzymes that conjugate various endogenous substances and compounds. These enzymes are responsible for glucuronidation, a major process in phase II metabolism.
Material and Methods

Screening chemical compounds in TWHF
The chemical compounds in TWHF were obtained from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (http://ibts.hkbu.edu.hk/LSP/ tcmsp.php) [17] , the Traditional Chinese Medicine Integrated Database (TCMID) (http://www.megabionet.org/tcmid/), and the Traditional Chinese Medicine (TCM) database @Taiwan (http:// tcm.cmu.edu.tw/). The TCM-PTD (http://pharminfo.zju.edu.cn/ ptd) screening criteria were based on oral bioavailability (OB) ³30% and drug-likeness (DL) ³0.18 according to the absorption, distribution, metabolism, and excretion (ADME) parameters.
Identifying metabolism related targets of TWHF
We used TCMSP and the Bioinformatics Analysis Tool for Molecular Mechanism of Traditional Chinese Medicine (BATMANTCM) (http://bionet.ncpsb.org/batman-tcm/) [18] ; and through literature inquiries, we sought to identify the related targets of TWHF. For compounds that did not have documented protein targets in the TCMSP database, we rechecked BATMANTCM. The BATMANTCM parameters were set as score cutoff of 20 and adjusted P-value cutoffs of 0.05. The predicted and known targets with values not smaller than the score cutoff of 20 for each ingredient were presented and further analyzed using bioinformatics. Significantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway/Gene Otology (GO) terms/trichothiodystrophy (TTD) diseases/Online Mendelian Inheritance in Man (OMIM) diseases with adjusted P-values smaller than the adjusted P-value cutoff of 0.05 were highlighted in the results. Then, all the related targets were uploaded into String (https://string-db.org/) [19] and the KEGG pathways enrichment analysis was used to identify metabolism-related targets (drug metabolism -CYP, metabolism of xenobiotics by CYP; retinol metabolism, drug metabolismother enzymes, ascorbate and aldarate metabolism, porphyrin and chlorophyll metabolism, starch and sucrose metabolism, metabolic pathways, arachidonic acid metabolism, linoleic acid metabolism). Then, metabolism-related targets were uploaded into the Cytoscapev3.2.1 program to form a network.
Plant materials and reagents
TWHF (batch number: 201403) was purchased from Jiangsu Meitong Pharmaceutical Co., Ltd. PN (batch number: 131202), RG (batch number: 131202), BB (batch number: 131202), and CS (batch number: 131202) were purchased from Anhui Bozhou Herbs Company; the plant material was identified by experts at the School of Pharmacy, Nanjing University of Chinese Medicine, China. All samples met the standard of the Chinese Pharmacopoeia, 2005 Edition. The concentration of the major toxic compound triptolide (TP) was determined in the TWHF group, the QTF group, the +PN group, the +RG group, the +BB group, and the +CS group samples using high-performance liquid chromatography (HPLC) and compared with standard reference compounds [20] . An endoplasmic reticulum (ER) protein extraction kit BBproExtra™ (BestBio, China) was used to extract the ER protein. The UGT content was determined using an enzyme-linked immunosorbent assay (ELISA) while a rat UGT ELISA kit (Jinyibo, China) was used to determine the liver microsomal total UGT content.
Oral treatment of animals
We used female Sprague-Dawley (SD) rats (weighing 180 to 220 g) purchased from the Charles River Experimental Animal Company (Beijing, China) for our study. All animal studies were performed with the approval of the Institutional Animal Care and Use Committee of the Nanjing University of Chinese Medicine, and according to the guidelines of the National Institutes of Health (NIH) guidelines for the Care and Use of Laboratory Animals (NIH publication No. 80-23). The rats were stochastically divided into 7 groups of 10 animals each. The control group rats were administered the vehicle alone while the other 6 groups of rats received TWHF (1.5 g/100 g), QTF (1.93 g/100 g), TWHF+PN (1.5+0.03 g/100 g), TWHF+RG (1.5+0.15 g/100 g), TWHF+BB (1.5+0.10 g/100 g), and TWHF+CS (1.5+0.15 g/100 g) once daily for 28 days. In order to explore the detoxification effect of QTF on TWHF, this study established an animal model of liver injury by using a toxic dose of TWHF. According to the results of the preliminary experiment, the dose of TWHF was set to be 10 times of the clinical dose, and the other drugs used in the study were normal clinical doses. During the experiments, the rats were monitored daily, and their body weights were measured weekly. After the final drug administration, the rats were fasted overnight, anesthetized with 10% chloral hydrate (0.35 mL/100 g) by intraperitoneal injection, and then blood and livers samples were collected. We randomly choose 3 rats from each group for liver perfusion.
Preparation of liver microsome
Rat liver microsomes were obtained using differential centrifugation. All procedures were performed at 0°C to 4°C. The liver tissue samples were homogenized in 0.3 M sucrose, and the supernatant was obtained by centrifuging the homogenate at 10 000 rpm for 10 minutes and then 90 000 rpm for 20 minutes. Then, the supernatant was further centrifuged at 100 000 rpm for 60 minutes to obtain a microsomal pellet, which was suspended in 0.1 M potassium phosphate buffer (pH 7.4). The preparation was stored at -80°C until used.
Western blotting
The liver samples were lysed in protein lysis buffer (radioimmunoprecipitation assay (RIPA): phenylmethanesulfonyl fluoride (PMSF, Boster, Wuhan, China); 100: 1). Protein content was measured by bicinchoninic acid (BCA) assay (Thermo Fischer Scientific, Waltham, MA, USA). The proteins were separated using 8% to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and wet transferred to a polyvinylidene fluoride (PVDF) membrane for 1 hour at 90 volts, Membranes were blocked with 5% phosphate-buffered saline (PBS) in trisbuffered saline and Tween 20 (TBST) for 2 hours. Then, the membranes were incubated with the following antibodies, UGT1A1 (1: 1000, Abcam), UGT1A6 (1: 1000, Abcam), UGT2B7 (1: 1000, Proteintech), and b-actin (1: 1000, Proteintech), and incubated with goat anti-rabbit secondary antibody (1: 5000, Cell Signaling Technology Inc.). Membranes were exposed by chemiluminescence developing agents and the target protein levels were analyzed by Image Lab Software (Bio-Rad).
Quantitative real-time polymerase chain reaction (RT-qPCR)
RNA was extracted using the TRIzol reagent (Takara, Dalian, China) and cDNA synthesis was performed using the 5×All-In-One RT Master Mix (Abm, China). The cDNA was then amplified with the EvaGreen 2×RT-qPCR Master Mix (Abm) using the QuantStudio 7 Flex (Applied Biosystems Co., USA). The primers used are listed in Table 1 . All operations followed the manufacturer's protocols. The fold changes between groups were analyzed using the comparative CT (2-DDCT) method, mRNA expression was normalized to b-actin.
Double immunofluorescence and laser confocal microscopy
The perfused livers were subjected to gradient dehydration in sucrose solution, embedded in optimal cutting temperature compound (OCT, Sakura, USA) before freezing, and then the frozen tissue was sectioned using a Leica CM1950 cryostat (Leica, Germany). Permeabilization was performed sequentially with 0.1% Triton X-100 in PBS (0.1%) plus Tween-20 (PBS-T) for 30 minutes at room temperature (25°C). Then, tissue slices were rinsed 3 times with PBS-T, incubated with 5% goat serum in PBS-T for 1 hour at room temperature, and then incubated overnight with UGT2B7 antibody diluted in PBS-T at 4°C. Then, the sections were incubated with the fluorescent secondary antibody, washed, further incubated with 5% goat serum in PBS-T for 1 hour at room temperature, and then incubated overnight with Calnexin (Proteintech) antibody diluted in PBS-T overnight at 4°C. This was followed by incubation with the fluorescent secondary antibody, washing, and then the sections were cover slipped, followed by scanning and image acquisition using an Olympus BX-60 microscope (Olympus, Japan).
Transmission electron microscope (TEM)
For the TEM analysis, we selected the right lobe of each liver near the fossae transversalis hepatis; the tissue was cut into 1 mm 3 pieces, quickly rinsed with PBS, and then immediately placed in glutaraldehyde. Furthermore, to routinely process the samples for TEM, they were rinsed, fixed, dehydrated, soaked, and embedded in Spon812. Subsequently, the tissue was cut into ultra-thin sections after semi-thin sectioning under a light microscope and then stained with lead citrate and uranium acetate. The ultra-structures of the sections were observed under a JEM-1200Ex electron microscope (Hitachi, Japan, provided by the Nanjing Medical University Electron Microscopy Center).
Statistical analysis
Data were expressed as the mean±standard deviation. For all quantitative data, statistical analyses were performed using Prism 6.0 (GraphPad Software, San Diego, CA, USA). Comparison among the groups were carried out by one-way ANOVA with Tukey's post hoc test. P<0.05 or P<0.01 was considered significant.
Results
Identification of metabolism-related targets of TWHF
In this study, we first identified 114 chemical constituents of TWHF from the TCMSP and BATMANTCM databases and screened out 40 candidates based on OB ³30% and DL ³0.18 according to the ADME parameters. Then, these 40 compounds were input into TCMSP and BATMANTCM, which generated 100 corresponding molecular targets. In addition, the project team also included 8 related targets from previous studies and publications. Next, these 108 protein targets were transformed into gene targets and entered into String to obtain the target network. The KEGG pathway in the string analysis was used for all metabolic pathways, and the results are shown in Figure 1 and Table 2 . In addition, the metabolism-related target network of TWHF is shown in Figure 2 . Therefore, it can be speculated that the inhibitory effects of active constituents of TWHF on CYP450, UGT1A1, UGT1A3, UGT1A6, and UGT2B7 are one of the mechanisms of toxicity. After the compatibility of QTF, the drug metabolism of TWHF can be regulated by regulating drug metabolism enzymes, thereby reducing the liver toxicity e920376-6 of TWHF. Based on the molecular mechanisms of these predictions and the results of the network analysis, we designed experiments to verify our hypothesis in vivo of SD rats. CYP450 is an important representative of the phase I metabolic enzymes. Our research team has conducted in-depth research on its mechanism of detoxification in QTF [12] , so this study focused on the phase II metabolic enzymes UGT.
QTF reversed reduction of UGT caused by TWHF
To confirm the role of UGT in the attenuating effects of the compounds in the QTF prescription, the content of UGT in liver microsome was determined using an ELISA. The UGT content of the TWHF and BB group was lower than that of the control group. Furthermore, the UGT content of the QTF, +PN, and +CS groups were higher than TWHF group (P<0.05). These results indicated that the toxicity of TWHF was related to its inhibitory effects on the UGT enzyme. The compatibility of TWHF as QTF increased the UGT content in the liver microsome, indicating the detoxification of TWHF ( Figure 3A) .
QTF upregulated liver UGT1A1 and UGT1A6 but not UGT2B7
To confirm whether QTF changes the expression of UGT, the mRNA and protein expressions of UGT1A1, UGT1A6, and UGT2B7 in tissues were detected using RT-qPCR and western blot, respectively. The gene and protein expression levels of UGT1A1, UGT1A3, and UGT2B7 were comparable ( Figure 3B-3H ). The mRNA transcription levels and protein expression levels of UGT1A1 and UGT1A6 in both groups were significantly higher than those in the blank group (P<0.05) and QTF showed a more significant increase compared to TWHF (P<0.05, Figure 3B , 3C, 3E, 3F, 3H)). This finding suggested that the stress of UGT1A1 and UGT1A6 increased after test substance administration, and the compatibility of QTF increased more significantly than that of TWHF.
However, compared with TWHF, QTF, +PN, +RG, and +CS downregulated the expression of UGT2B7 mRNA in the liver (P<0.05, Figure 3D ). Compared with the control group treatment, TWHF increased the UGT2B7 protein expression while the QTF and its compatibility downregulated UGT2B7 protein expression (P<0.05, Figure 3G, 3H) ). These results indicated that QTF did not increase the expression of UGT2B7 in the liver.
UGT2B7 expression was not consistent in liver microsomal protein and tissue
UGT2B7 attracted our interest contrary to expectations. Liver microsomes are the nearly spherical vesicle-like structures formed by self-fusion of broken ER produced during cell homogenization and differential centrifugation. They consist of 2 basic components of the ER: membrane and ribosomes. Therefore, we detected the liver microsomal proteins using western blot, to identify possible discoveries. In the liver microsomes, UGT1A1 and UGT1A6 protein expression induction by QTF and compatibility were higher and lower than that in the control and TWHF groups, respectively (P<0.05, Figure 4A, 4B) . However, the expression of the UGT2B7 protein was significantly lower in the TWHF, QTF, +RG, and +CS groups than it was in the control (P<0.05). The control, QTF, and +RG groups showed higher levels than that of the TWHF group (P<0.05, Figure 4C ). This finding indicated that QTF and its compatibility upregulated UGT2B7 in liver microsomes, which was in contrast to the results of the liver tissue total protein analysis. Liver microsomal and ER proteins are similar, and thus, we hypothesized that QTF and its combinations would reduce the toxicity of the components by increasing the UGT2B7 content in the ER. Therefore, we conducted verification experiments and the results are described.
QTF upregulated UGT2B7 expression in ER
To verify the previous hypothesis, the ER protein was extracted to detect the expression of UGT2B7 in the ER using western blotting. The relative expression of UGT2B7 in the ER was analyzed based on the ratio of the ER UGT2B7 in the liver tissue. 
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The formula used was as follows: ratio of ER UGT2B7 in tissues=mean relative expression of UGT2B7 in ER protein/mean relative expression of UGT2B7 in liver tissue. The control as well as +RG and +CS groups showed lower UGT2B7 expression in the ER than the TWHF group (P<0.05, Figure 4D ). The ratio of UGT2B7 in the ER to the tissues of the various groups was in the following increasing order: control <+CS <TWHF <+RG <QTF <+PN ( Figure 4E ). These results indicated that the expression of UGT2B7 in the ER increased after administration, and the effect of QTF was more significant than that of TWHF, which could be detoxified by phase II metabolism.
A double-labeled immunofluorescence confocal technique with the ER marker calnexin was used to further validate our findings, and the results were consistent with those of western blot analysis of the ER protein. The expression of the UGT2B7 protein in the ER induced by QTF treatment was higher than that induced by TWHF ( Figure 4G ). Similarly, these results were verified, after QTF compatibility increased the expression of UGT2B7 in the ER, which reduced liver toxicity.
QTF improved the structure of the ER more than TWHF did
To investigate the different expression of UGT2B7 in the ER, the ER structure changes were detected by TEM. Figure 5 shows ER of the control group was rich, no ruptures, expansions and other changes; the TWHF group was reduced, visible fracture; and the QTF group was rich, no ruptures, expansions and other changes. After, QTF compatibility improved the structure of the ER more than TWHF did.
Discussion
We used network pharmacology to determine the relevant metabolism targets of TWHF, focusing on the phase II metabolic enzymes, UGTs. The results confirmed that QTF reversed the reduction of the UGT content caused by TWHF in liver microsomes, and upregulated UGT1A1 and UGT1A6 but not UGT2B7 in the liver. UGT2B7 expression in the liver and liver microsomes was used as an index to confirm that QTF upregulated the expression of UGT2B7 in the ER, which reduced liver toxicity.
The mechanism underlying the QTF-mediated alleviation of the liver toxicity of TWHF has been studied from many perspectives. Sun et al. [8] measured the dissolution contents of 3 toxic components of QTF (triptolide, tripterine, and wilforlide) and its individual ingredients. The results revealed that the dissolution of these 3 toxic components was significantly reduced in QTF. Liu et al. [20] investigated the dissolution changes of triptolide a liver toxic component of TWHF after QTF and its compatibility from chemical compound aspect to determined that the compatibility of QTF can reduce triptolide dissolution to detoxicity. Zhang et al. [12] used metabolomics technology to verify the QTF can decrease the liver toxicity of TWHF. Xie et al. [10] also used metabolomics to confirm the QTF can decrease the liver toxicity of TWHF by reversing amino acid metabolism.
Inhibition of phase II metabolic enzymes is the key factor in drug toxicity and drug interactions. In the process of evolution, the body has developed a complex system for the metabolic transformation of exogenous toxins called biotransformation. Drugs, poisons, carcinogens, and other exogenous substances in the body generally undergo 2-phase metabolism consisting of phase I and II metabolic processes. Phase II metabolic processes are mainly catalyzed by enzymes and some endogenous polar small molecules with covalent bonds. The activation of the resultant reaction products or foreign substances enhance their polarity and promote excretion. Phase II metabolism deactivates toxic substances and therefore, phase II metabolic enzymes are also known as phase II metabolism detoxification enzymes, such as UGT, which is one of the most important microsomal enzymes in phase II metabolism. UGTs are mainly located in the liver, particularly in the cell membrane of the ER cavity edge. UGTs catalyze the glucuronic acid group of uridine diphosphate glucuronic acid (UDPGA) in the ER to transfer it to a variety of polar-containing groups of endogenous or exogenous compound molecules. This generates glucuronides with the loss of the original activity, and conversion to a hydrophilic material, which facilitates its excretion in the urine and bile. Therefore, UGTs needs to be combined with UDPGA in the ER for detoxification.
Studies on TWHF toxicity have focused mainly on phase II metabolic enzymes. Zhao et al. [21] demonstrated that demethylzeylasteral, an active ingredient of TWHF, strongly inhibits UGT1A6 and UGT2B7 in inhibitory studies on UGT1A6, UGT1A9, and UGT2B7. This observation indicates the need to monitor the potential clinical interactions between demethylzeylasteral-containing herbs and clinical drugs that mainly undergo UGT1A6-and UGT2B7-catalyzed metabolism. Zhang et al. [22] reported the strong inhibition of UGT1A6 and UGT2B7 by celastrol, which indicated the possibility of celastrol-drug interactions or celastrol-containing herb-drug interactions. Yu et al. [23] confirmed the inhibitory effect of desmethylstratilecnol on UGT1A1 using the recombinant UGT1A1. This observation indicated that the potential clinical interactions between the combination of drugs and these preparations need to be considered, mainly with substances that are metabolized by UGT1A1. Wang et al. [24] confirmed the inhibitory effect of demethylzeylasteral on UGT1A3 using recombinant UGT1A3 and suggested that attention should be paid to the interaction between traditional Chinese medicine formulations based on their inhibition of UGT1A3. Huang et al. [25] showed that the high risk of drug-drug interactions between celastrol and drugs was mainly due to their elimination by UGT1A3-mediated metabolism.
Thus, it can be speculated that the hepatotoxic effects of components of TWHF are closely related to their metabolism by UGT1A1, UGT1A3, UGT1A6, UGT1A9, and UGT2B7, which is in agreement with the results of our network pharmacology analysis. Most of these research studies were conducted using recombinase administration. Such in vitro experiments are associated with unavoidable problems that could affect endogenous and exogenous substances after metabolism of TWHF, and the involvement of phase II metabolic enzymes cannot be investigated. Therefore, we used an in vivo animal model to detect the expression of UGTs and found that the liver toxicity of TWHF was related to the expression of UGT2B7 in the ER.
Mammalian UGTs are located in the ER of cells and catalyze the covalent addition of glucuronic acid from UDP glucuronic acid to a variety of aglycone substrates, rendering them more polar and thus more readily excreted in the bile or urine [26] [27] [28] . Among them, UGT2B7 is the most important enzyme in phase II metabolism [29, 30] .
Based on the differential UGT2B7 expression in ER, their substrates and metabolites need to be transported through the ER membrane, we considered the UGT membrane association and retention signal, or other reasons that could cause structural changes in the ER. Meech et al. [28] examined UGT2B1 ER subcellular localization and membrane association, and the construction and analysis of an active truncated form of UGT2B1 indicated that the cytosolically located dilysine motif, which is a putative ER membrane targeting signal, might be redundant in the residency of UGT in the ER. The TEM results showed that QTF improved the structure of the ER more than TWHF did. However, the underlying cause of ER structural damage is unclear, and the repair mechanisms mediated by QTF are not entirely understood. This could be considered a limitation of this study and a direction for our continuing future research.
Conclusions
In summary, our results indicated that QTF attenuates TWHFinduced hepatotoxicity by affecting phase II metabolic enzymes (UGT1A1, UGT1A6, and UGT2B7). We also found that QTF can upregulate the relative expression of UGT2B7 in ER, thereby better reducing liver toxicity, and we found that PN and BB play an important role in it. We initially believe that this change may be related to structural changes of ER, but further research and supporting evidence are necessary.
